1. Introduction {#sec0005}
===============

The word Chikungunya means something 'that bends up' which in turn refers to the distorted posture of a patient due to severe joint pain caused by Chikungunya fever ([@bib0005]). Chikungunya fever (CHIKV) and related arthralgic symptoms are the results of Chikungunya virus infection; an arboreal alphavirus of the Togaviridae family of viruses. CHIKV is a spherical shape enveloped virus with 60--80 nm diameter and contains a positive sense single stranded linear RNA of approximately 11.8 kb ([@bib0010]).

There are about 30 species in the genus alphavirus, all are arthropod-borne viruses and they are distinguished in 7 antigenic complexes ([@bib0015]). These viruses cause encephalitis and febrile arthralgia in vertebrates including CHIKV and several other alphaviruses that are known to cause disease in humans. Mosquitoes of *Aedes sp.* are the primary vectors of CHIKV predominantly *Aedesaegypti* ([@bib0015], [@bib0020]). But recent cases has been found to be caused by *A. albopictus*, much to the worry of the people due to widespread geographical distribution of *A. albopictus*, which was previously thought to be the secondary vector ([@bib0025], [@bib0030]).

The onset of the Chikungunya virus infection is acute and clinical features generally vary ([@bib0035], [@bib0040]). Symptoms emerge usually 4--7 days after the mosquito bite in case of humans and patient suffers from fever, headache and severe polyarthralgia followed by rash which last about 5--7 days and the disease is usually self-limiting ([@bib0045], [@bib0050]). The arthralgia primarily affects the small joints of hand and legs that lasts a few days in acute cases but in chronic cases joint pain may persist for months and a study reported that over 12% of the patients suffer from prolonged joint symptoms ([@bib0055]).

CHIKV infection was first recorded in 1952 in Mankonde spoken areas of Tanzania-Mozambique border. But the virus came into wide attention during its huge outbreak in the Indian Ocean Islands ([@bib0015], [@bib0060]). There have been several CHIKV outbreaks since its recognition in 1952 and its reemergence in 2004 mainly in Africa and the countries in and around Indian Ocean and South-East Asia ([@bib0020], [@bib0065]). In 2005 there have been outbreaks in la Reunion Island ([@bib0040]). Recent outbreaks from 2006 to present include Italy in 2007 ([@bib0075]), France 2010 ([@bib0080]) and Madagascar ([@bib0085]). The virus reached Americas in 2013 through its outbreak in the Caribbean ([@bib0090]).

The viral genome codes for four nonstructural proteins (nsp1--4) and three structural proteins (C, E1, and E2) with two cleavage products E3 and 6k which are laid out in two open reading frames (ORFs). The 5′ ORF codes for non-structural protein precursors and 3′ ORF codes for structural proteins ([@bib0095], [@bib0100]).

The surface of CHIKV is composed of 80 trimeric spikes of envelope glycoprotein E1 and E2 heterodimers. Upon entering the acidic environment of endosomes causes dissociation of trimeric spikes of E1--E2 heterodimers and reorganization into E1 homotrimers. These trimers with the help of hydrophobic fusion trimer (fusion loop) enter the host cell and undergo refolding to form a hairpin like structure. This interaction fuses the virus and host cell membrane and the viral nucleocapsid enters the host cell. This phenomenon is mediated by low pH along with cholesterol like all other alphaviruses and virus budding also requires presence of these mediators ([@bib0100]). Along with host cell proteins positive strand replicase produce 26S sub-genomic positive strand RNAs and 49S genomic RNAs ([@bib0105], [@bib0110]). The 26S RNAs encode the structural protein precursors which are cleaved by a serine protease to produce capsid (c), pE2, 6K and E1. The C protein is thought to induce the autocatalytic activity and contain conserved regions known to have the similar activity in other alphaviruses ([@bib0095]). In addition to that a furin like protease activity cleaves the pE2 into E2 and E3 in the plasma membrane. Before that, pE2 and E1 undergoes post transcriptional modification in the golgi apparatus. CHIKV nucleocapsid has 120 dimers of C protein which after its formation in the cytoplasm, contains the viral RNA, buds out of the infected cell enveloped in host cell\'s lipid membrane with viral glycoprotein spikes ([@bib0100], [@bib0115]).

During infection receptor binding is carried out by E2 whereas E1 is responsible for membrane fusion. Glycoprotein E3 facilitates correct folding of E2 and dimerization with E1, also prevents the dimer from premature fusion with membranes ([@bib0120]).

The emergence of *A. albopictus* as the new and prominent vector has been greatly facilitated by a mutation in the E1 envelope protein A226V that enables the CHIKV to utilize *A. albopictus* for its transmission into vertebrates ([@bib0125], [@bib0130]). Recent repeated outbreaks in native and new regions most of which are modern and highly developed have generated consternation mainly due to the socio economic effect and the extent of the distressing symptoms of Chikungunya fever. Despite the extremity of the disease there is no specific treatment for the disease till date ([@bib0135]). Recent events involving the disease once again bring up the necessity of a selective anti-viral drug or a vaccine to treat and to protect from future infection of CHIKV. But despite some improvements in the recent years, there is no approved vaccine or drug against CHIKV is available ([@bib0140]).

As of lately, host immune response against CHIKV gained significant concentration. Though Type I IFN and related pathways have been seen to be very important in controlling viral replication, its effects are insufficient to completely eradicate CHIKV from the system. As a result, CHIKV is detected in tissues long after IFN-α/β level returns to normal. These facts along with poor understanding of CHIKV pathogenesis endorse that adaptive immunity has a big role in complete elimination of the virus, although adaptive immunity against CHIKV is still not fully characterized ([@bib0145], [@bib0150], [@bib0155], [@bib0160], [@bib0165], [@bib0175], [@bib0170], [@bib0180]). Adaptive immunity works through the recognition of T cell epitopes by T lymphocytes by subsequent presentation of the antigen by HLA molecules. This trigger T cell mediated cytotoxicity and activates humoral immune response. Moreover, B cell receptors (BCR) recognize specific epitopes in their linear form and with the help of helper T cells differentiate into antibody producing plasma cells. Antibodies bind to their specific antigens and triggers phagocytosis or complement pathway. Some plasma cells develop into memory B cells that ensure long lasting immunity against the virus ([@bib0185]).

To completely eliminate the chance of re-infection a proper vaccine that induces both humoral and cell mediated immune response is necessary. This requirement is furthers reinforced by the fact that there has been reports of microevolution ([@bib0040]) in the CHIKV genome that might give the virus ability to evade humoral immunity. T-cell epitope based vaccine design technique can be summarized as the identification of immune dominant epitopes of the virus and synthesizing it to be used as vaccines to produce specific immune response ([@bib0190]). Immunoinformatics research emphasizes on mapping immune dominant B-Cell and T-cell epitopes to facilitate laboratory research and reduce valuable time and money necessary for the job.

In the present study we have analyzed the whole proteome of the CHIKV to determine its potential immunogenic regions to predict a candidate for vaccine development along with a genome wide search to find out the most eligible drug target site and simulated inhibition of the target site by a predicted inhibitor molecule using computational methods. The goal of the study was to facilitate future laboratory based endeavors searching for complete treatment and prevention of Chikungunya virus infection.

2. Materials and methods {#sec0010}
========================

The flow chart representing the overall procedures of pre and post therapy for CHIKV is illustrated in [Fig. 1](#fig0005){ref-type="fig"} .Fig. 1The flow chart representing the overall procedures of pre and post therapy for CHIKV. *Notes*: UniProtKB: UniProt Knowledgebase; CHIKV: Chikungunya virus; CTL: cytotoxic T-lymphocyte; IC~50~: half-maximal inhibitory concentration; MHC: major histocompatibility complex; IEDB: Immune Epitope Database; TAP: transporter of antigen presentation; 3D: three dimensional; HLA: human leukocyte antigen; HLA-B: the-major histocompatibility complex, class I, B, CASTp: Computer Atlas of Surface Topology of Proteins; OSIRIS property explorer: organic chemistry portal; ACToR: Aggregated Computational Toxicology Resource; admetSAR: a comprehensive source and free tool for assessment of chemical ADMET properties.

2.1. Sequence retrieval {#sec0015}
-----------------------

The amino acid sequences of the complete proteome of Chikungunya virus except the variable strains were retrieved from UniProt Knowledge Base (UniProtKB) database in FASTA format. UniProtKB is a comprehensive source for protein sequence and annotation information as well as with accurate, consistent and rich annotation it works as the center for the collection of functional information on proteins. Different non-structural proteins (NSP) were excluded from this selection. A total available 1100 envelope (E) proteins, 204 structural (S) polyproteins, 3 capsid (C) proteins and only single coat and k protein respectively were categorized. Then the sequences were analyzed to study antigenicity, solvent accessible regions, surface accessibility, flexibility and MHC class I binding sites ([@bib0195], [@bib0200]).

2.2. Highest antigenic protein uncovering {#sec0020}
-----------------------------------------

To isolate the highest antigenic protein, proteins were then submitted in the VaxiJen v2.0 Server which was used for the prediction of potent antigens and subunit vaccines with defaults parameter ([@bib0205]). Plain sequence format was submitted, virus was selected as target organism. All the antigenic proteins with their respective score were then filtered in Excel. A single antigenic protein with highest antigenicity scores was selected for further evaluation.

2.3. Primary and secondary structure analysis {#sec0025}
---------------------------------------------

ProtParam tool ([@bib0210]) and self-optimized prediction method with alignment (SOPMA) ([@bib0215]) of Expasy server were used to analyze different physiological and chemical properties of the selected protein. Theoretical isoelectric point (p*I*), molecular weight, amino acid composition, grand average hydropathicity (GRAVY), estimated half-life, extinction coefficient ([@bib0220]), instability index ([@bib0225]), aliphatic index ([@bib0230]) of the protein were calculated using the preset parameters through protparam. Properties like solvent accessibility, transmembrane helices, globular regions, bend region, random coil and coiled-coil region were predicted by SOPMA.

3. Pre-therapy (vaccine development) against CHIKV {#sec0030}
==================================================

3.1. T cell epitope identification {#sec0035}
----------------------------------

Consistent predictions of CTL epitopes are very important for coherent vaccine design. The most important thing is that they can reduce the wet lab experimental effort needed to identify epitopes. For this reason, NetCTL-1.2 ([@bib0235]), a web-based server designed for predicting human CTL epitopes in any given protein was used. The overall score was calculated by integrating predictions of proteasomal cleavage, TAP transport efficiency, and MHC class I affinity. The threshold value for epitope identification was set at 0.5 for our present study which have sensitivity and specificity of 0.89 and 0.94, respectively. On the basis of overall score, 5 epitopes were selected for further dry lab experimentation.

For MHC-1 binding prediction ([@bib0240]), the Stabilized Matrix Base Method (SMM) ([@bib0245]) was used to calculate IC50 values of peptide binding to MHC-1 molecules. For both frequent and non-frequent allele, peptide length was set to 9 amino acids earlier to the prediction. The alleles having binding affinity IC50 less than 200 nm were selected for further consideration.

Another IEDB analysis resource tool was also implemented to predict proteasomal cleavage score, TAP score, processing score, and MHC-1 binding score using SMM for each and every selected peptide ([@bib0250]).

3.2. Epitope conservancy prediction {#sec0040}
-----------------------------------

Epitope conservancy prediction for individual epitopes was calculated using the IEDB analysis resource. Conservancy can be defined as the portion of protein sequences that restrain the epitope measured at or exceeding a specific level of identity. The epitope conservancy calculation tool was executed as a Java web-application ([@bib0255]).

3.3. Population coverage calculation {#sec0045}
------------------------------------

Population coverage for each epitope was calculated by the IEDB population coverage tool. Population coverage was predicted through an online tool based on MHC binding and/or T cell restriction data. This tool is aimed in order to determine the fraction of individuals predicted to respond to a given set of epitopes with known MHC restrictions. For every single population coverage, the tool computed the following information: (1) predicted population coverage, (2) HLA combinations recognized by the population, and (3) HLA combinations recognized by 90% of the population (PC90). All epitope and their MHC-I molecules were inserted and population coverage area selected before submission ([@bib0255]).

3.4. Allergenicity appraisal {#sec0050}
----------------------------

The online server AllerHunter was used to predict the allergenicity of the proposed epitope for vaccine development. This server predicts allergenicity through a combinational prediction, by using both incorporation of the Food and Agriculture Organization (FAO)/World Health Organization (WHO) allergenicity assessment proposal and support vector machines (SVM)-pairwise sequence similarity. AllerHunter predicts allergen in addition to non-allergens with high specificity which makes AllerHunter is a very constructive program for allergen cross-reactivity prediction ([@bib0260], [@bib0265]).

3.5. Design of the three-dimensional (3D) epitope structure {#sec0055}
-----------------------------------------------------------

To perform docking simulation study, the top conserve YYYELYPTM epitope was inserted to PEP-FOLD ([@bib0270]) server, which is a *de novo* approach designed to predict peptide structures from amino acid sequences. It is worked on the basis of structural alphabet (SA) letters to explain the structural conformations of 4 successive residues, couples the predicted series of SA letters to a greedy algorithm a well as a coarse-grained force field ([@bib0275], [@bib0280]). As an output, this server is modeled 5 proposed 3D structures. Consequently, the best model was selected to analyze the interactions with HLAs.

3.6. Docking simulation study {#sec0060}
-----------------------------

A docking study was performed in order to make sure the binding between HLA molecules and our finding epitope by using AutoDock Vina ([@bib0285]). For this kind of purpose, a crystal structure of the HLA-B\*3501 molecule named 3 LKN was retrieved from the Research Collaboratory for Structural Bioinformatics (RCSB) protein database ([@bib0290]). Before conducting the docking study, the NP418 epitope of influenza, which was complexed in the binding groove of HLA-B\*3501 ([@bib0295]), was removed by using Discovery studio ([@bib0300]). After the separation of the NP418 epitope of influenza, docking study between predicted epitope and prepared HLA-B\*3501 was performed. Then another docking between influenza NP418 epitope and prepared HLA-B\*3501 was done in order to compare with the former one.

3.7. Prediction of the B-cell epitope {#sec0065}
-------------------------------------

Linear B-cell epitopes were predicted from the given highest immunogenic protein sequence through the B-cell epitope prediction tools of IEDB. The most significant properties for predicting B-cell epitopes are flexibility, antigenicity, surface accessibility, hydrophilicity, and linear epitope predictions ([@bib0305]). We analyzed the flexibility, antigenicity, surface accessibility, hydrophilicity, and linear epitope predictions of our selected highest antigenic protein by using the Karplus and Schulz flexibility prediction ([@bib0310]), Kolaskar and Tongaonkar antigenicity scale ([@bib0315]), Emini surface accessibility prediction ([@bib0320]), Parker hydrophilicity prediction ([@bib0325]), and Bepipred linear epitope prediction algorithms ([@bib0330]), respectively of IEDB analysis resource. Several wet lab experiments revealed that the antigenic portion was situated in beta turn regions of a protein ([@bib0335]) for that region the Chou and Fasman beta turn ([@bib0340]) prediction tool was used.

4. Post-therapy (drug design) against CHIKV {#sec0070}
===========================================

4.1. Homology modeling and refinement {#sec0075}
-------------------------------------

To predict the three-dimensional (3D) structure of the selected protein Phyre2 (Protein Homology/Analogy Recognition Engine) ([@bib0345]) was used. FASTA format data was inputted and intensive modeling mode was selected to generate protein model. Homology based modeling contain major local distortions which includes steric clashes, irregular H-hydrogen bonding networks and unphysical phi/psi angles which reduce the structure models usefulness for high-resolution functional analysis. ModRefiner ([@bib0350]); an algorithm for atomic-level, high-resolution protein structure refinement was used to refine homology predicted protein structure. ModRefiner refine protein structures based on a two-step atomic level energy minimization by using physical and knowledge-based force field. Main chain structures are formally constructed from initial Cα traces and side-chains are then refined with the backbone atoms. Refinement was done for several times to get better minimized protein energy. Finally, the protein was visualized by Swiss-PDB Viewer ([@bib0355]).

4.2. Evaluation and validation of the structure {#sec0080}
-----------------------------------------------

To evaluate the accuracy and stereo-chemical properties of the predicted model PROCHECK ([@bib0360]) by Ramachandran plot analysis ([@bib0365]) was done through "Protein structure and model assessment tools" of Swiss-model workspace. Refined PDB format of the protein was uploaded and 2.5 Å resolution value was selected. Protein structure assessment, 3D profiling of the predicted protein and model quality estimation was done by ERRAT ([@bib0370]), Verify3D ([@bib0375]) and QMEAN ([@bib0380]) respectively. All the parameters were kept unchanged for the above evaluation tools.

4.3. Active site analysis {#sec0085}
-------------------------

Active site analysis provides a noteworthy insight of the docking simulation study. The active binding sites of the protein were searched based on the structural association of template and the model construct with Computed Atlas of Surface Topography of proteins (CASTp) ([@bib0385]) server. This was used to recognize and determine the binding sites, surface structural pockets, internal cavities of proteins and active sites, area, shape and volume of every pocket.

4.4. Protein--ligand docking {#sec0090}
----------------------------

*In silico* docking simulation study, was carried out to recognize the inhibiting potential against envelope protein 2 (UniProt ID: [T2ASQ1](uniprotkb:T2ASQ1){#intr0005}). Docking study was performed by Autodock Vina ([@bib0390]). Before starting the docking stimulation study, envelope protein 2 was modified by adding polar hydrogen. A grid (box size: 76 × 76 × 76 Å and box center: 16.072 × 26.5007 × 3.7748 for *x*, *y*, and *z*, respectively) was designed in which various binding modes were generated for the most favorable bindings. The overall combined binding with envelope protein 2 (UniProtID: [T2ASQ1](uniprotkb:T2ASQ1){#intr0010}) and NAG, MAN, MSE, NDG were obtained by using PyMOL ([@bib0525]) (The PyMOL Molecular Graphics System, Version 1.5.0.4, Schrödinger, LLC).

4.5. Pharmacophore studies {#sec0095}
--------------------------

The pharmacophore property of our selected ligand was carried out to use the online-based and license-agreed software. The Osiris property explorer ([@bib0400]), ACToR (Aggregated Computational Toxicology Resource) and admetSAR (absorption, distribution, metabolism, excretion, and toxicity Structure--Activity Relationship database) were employed for its studies. ACToR is a set of software applications that take into one central location many types and sources of data on environmental chemicals. Presently, the ACToR database has information on chemical structure, *in vitro* bioassays and *in vivo* toxicology assays derived from more than 150 sources ([@bib0405]). The admetSAR is an open source, structure searchable, and updated database on a regular basis that gathers, and handles existing ADMET-associated information from the available literature. In admetSAR database, over 210,000 ADMET annotated data points for more than 96,000 unique compounds from a huge number of diverse literatures ([@bib0410]).

5. Result {#sec0100}
=========

5.1. Identifying the Highest Antigenic Protein {#sec0105}
----------------------------------------------

The query for Chikungunya virus structural and non-structural protein resulted in a total of 1312 hits. All the proteins were evaluated by VaxiJen server, which generated an overall score for each protein sequence denoting their potentiality to create immune response. The protein sequence with the UniProtKB ID: [T2ASQ1](uniprotkb:T2ASQ1){#intr0015} attained the highest score of 0.6056 in VaxiJen analysis among all the query proteins. The protein itself is the Chikungunya virus envelope protein 2 (E2) consisting of 422 amino acids. The protein has been selected for further analysis in the present study.

5.2. Primary and secondary structure determination {#sec0110}
--------------------------------------------------

The function of a protein correlates with the structural features of the protein. The ProtParam server analyzes the protein sequence and computes some parameters that decide the stability and function of the protein. Just as that secondary structural features of a protein also reveal its functional characteristics to some extent. From ProtParam generated results showed 35.42 Instability Index (II), 72.96 aliphatic index and a negative GRAVY (grand average hydropathy) of −0.497 for the protein. SOPMA calculated the secondary structural features of the protein and reported that the protein is dominated by random coils consisting 48.34%. Alpha Helix and Extended Strands formed 17.77% and 25.59% of the protein respectively. Lastly it showed Beta turns constituting 8.29%. The parameters calculated by both the tools are shown in [Table 1](#tbl0005){ref-type="table"}, [Table 2](#tbl0010){ref-type="table"} respectively. The secondary structure plot is shown in [Fig. 2](#fig0010){ref-type="fig"} .Table 1Different physico-chemical properties of Chikungunya envelope protein 2.ParameterValueMolecular weight47548.5Extinction coefficients\
Abs. 0.1% (=1 g/l) 1.088, assuming all pairs of Cys residues form cystines55,195Ext. coefficient\
Abs. 0.1% (=1 g/l) 1.078, assuming all Cys residues are reduced54,320Theoretical p*I*9.01Total number of negatively charged residues (Asp + Glu)38Total number of positively charged residues (Arg + Lys)51Instability index35.42Grand average of hydropathicity (GRAVY)−0.497Aliphatic index72.96Table 2Secondary structure analysis through SOPMA of Chikungunya virus envelope protein 2.Secondary structurePercentageAlpha helix (Hh)17.77%Extended strand (Ee)25.59%Beta turn (Tt)8.29%Random coil (Cc)48.34%3~10~ helix0.00%π helix0.00%Isolated β-bridge0.00%Bend0.00%Fig. 2Secondary structure plot of envelope protein of Chikungunya virus. Here, helix is indicated by blue, while extended strands and beta turns are indicated by red and green, respectively. (For interpretation of the color information in this figure legend, the reader is referred to the web version of the article.)

5.3. T-cell epitope prediction {#sec0115}
------------------------------

T-cell epitopes on the current protein were predicted using NetCTL server. The server identifies likely overlapping epitopes on the given protein sequence by using neural network architecture and generates a combinatorial score by predicting peptide-MHC class 1 binding based on all MHC class 1 supertypes, proteasomal C terminal cleavage and TAP transport efficiency all together. From the generated results the first five epitopes VTNHKKWQY, STKDNFNVY, VMHKKEVVL, LYPDHPTLL, and YYYELYPTM were selected on basis of their height combinatorial score.

The previously selected epitopes were found to be recognized by a range of MHC class 1 molecule according to IEDB MHC class 1 binding prediction tool. This tool is based on stabilized matrix method (SMM) and gives an output result for HLA binding affinity of the epitopes in IC50 nM unit. Binding affinity of the epitopes with the MHC-I molecules have an inverse relationship with the IC50 value. In the present study we opted for the selection of the MHC-I molecules with coupled IC50 value less than 200 nM (IC50 \< 200), this ensured the selection of the MHC-1 molecules ([Table 3](#tbl0015){ref-type="table"} ) for which the selected epitopes showed higher affinity.Table 3Most potential 5 T-cell epitopes with interacting MHC-1 alleles, total processing score and epitope conservancy result.EpitopeInteracting MHC-1 allele with an affinity, 200 (total score of proteasome score, TAP score, MHC score, processing score and MHC-1 binding)Epitope conservancy analysis resultVTNHKKWQYHLA-A\*68:23 (2.02)\
HLA-A\*32:07 (1.36)\
HLA-C\*05:01 (1.16)\
HLA-C\*12:03 (1.10)\
HLA-B\*27:20 (0.87)\
HLA-A\*30:02 (0.67)\
HLA-A\*32:15 (0.64)\
HLA-B\*15:17(0.55)\
HLA-A\*80:01(0.45)37.29%  STKDNFNVYHLA-A\*68:23 (2.52)\
HLA-C\*12:03 (2.16)\
HLA-A\*32:07 (1.55)\
HLA-B\*15:01 (1.03)\
HLA-A\*32:15 (0.98)\
HLA-C\*03:03 (0.93)\
HLA-A\*30:02 (0.81)\
HLA-A\*26:02 (0.80)\
HLA-B\*15:02 (0.76)\
HLA-B\*40:13 (0.73)\
HLA-C\*14:02 (0.63)\
HLA-B\*15:17 (0.59)45.76%  VMHKKEVVLHLA-B\*27:20 (1.17)\
HLA-A\*02:50 (0.95)\
HLA-B\*40:13 (0.86)\
HLA-A\*32:07 (0.86)\
HLA-A\*02:11 (0.82)\
HLA-A\*68:23 (0.50)\
HLA-B\*15:03 (0.49)\
HLA-C\*14:02 (0.46)\
HLA-A\*02:12 (0.27)\
HLA-C\*03:03 (0.12)\
HLA-A\*02:16 (−0.11)\
HLA-C\*12:03 (−0.13)66.10%  LYPDHPTLLHLA-A\*02:17 (0.94)\
HLA-C\*14:02 (0.90)\
HLA-A\*32:07 (0.80)\
HLA-A\*02:50 (0.64)\
HLA-A\*68:23 (0.45)\
HLA-A\*24:03 (0.36)\
HLA-C\*12:03 (0.22)\
HLA-B\*40:13 (0.14)\
HLA-B\*15:02 (0.01)\
HLA-C\*06:02 (−0.11)\
HLA-A\*24:02 (−0.26)\
HLA-B\*27:20 (−0.27)68.88%  YYYELYPTMHLA-C\*14:02 (1.31)\
HLA-A\*02:17 (0.75)\
HLA-A\*24:03 (0.44)\
HLA-C\*07:02 (0.32)\
HLA-A\*32:07 (0.21)\
HLA-A\*68:23 (0.19)\
HLA-C\*03:03 (0.12)\
HLA-B\*27:20 (0.04)\
HLA-C\*12:03 (−0.07)\
HLA-B\*42:01 (−0.30)\
HLA-A\*24:02 (−0.54)\
HLA-A\*23:01 (−0.60)\
HLA-B\*15:03 (−0.67)\
HLA-B\*15:02 (−0.68)\
HLA-C\*06:02 (−0.87)\
HLA-A\*02:11 (−0.89)\
HLA-A\*32:15 (−0.89)\
HLA-B\*35:01 (−0.94)\
HLA-A\*02:50 (−0.95)69.49%

MHC-I processing efficiency tool of IEDB predicts an overall score for each epitope based on proteasomal cleavage efficiency, TAP transport efficiency and MHC-I binding efficiency combined. The proteasomal complex contains enzymes that digest proteins to form smaller peptides. Produced peptides are recognized by MHC class 1 molecules and MHC-1 forms a complex with the peptides. The peptide-MHC class 1 complexes are transported to the endoplasmic reticulum, a process facilitated by transport associated proteins (TAP) before being presented to the T-cells on the plasma membrane of the cell. The higher the combined score of the peptides the better they are processed for presentation and that is critical step for creating a successful immune response. The scores obtained from IEDB MHC-1 binding analysis and processing tools are summarized in [Table 3](#tbl0015){ref-type="table"}.

Better immune response depends on the successful recognition of epitopes by HLA molecules with significant affinity. So, a peptide recognized by the highest number of HLA alleles has the best potential to induce a strong immune response. Among the 5 epitopes studied, one epitope has interacted with higher number of HLA alleles than the other epitopes. The 9-mer epitope YYYELYPTM showed affinity for highest 19 MHC-1 molecules including HLA-C\*14:02, HLA A\*02:17, HLA-A\*24:03, HLA-C\*07:02, HLA-A\*32:07, HLA-A\*68:23, HLA-C\*03:03, HLA-B\*27:20, HLA-C\*12:03, HLA-B\*42:01, HLA-A\*24:02, HLA-A\*23:01, HLA-B\*15:03, HLA-B\*15:02, HLA-C\*06:02, HLA-A\*02:11, HLA-A\*32:15, HLA-B\*35:01 and HLA-A\*02:50.

5.4. Epitope conservancy prediction {#sec0120}
-----------------------------------

Conserved epitopes can provide a more effective immunization therefore better conservancy of an epitope is expected. Epitope conservancy analysis revealed ([Table 3](#tbl0015){ref-type="table"}) the epitope LYPDHPTLL to be 68.88% conserved whereas epitope YYYELYPTM scored 69.49%. Other three epitopes VTNHKKWQY, STKDNFNVY, VMHKKEVVL showed 32.29%, 45.76% and 66.10% conservancy respectively.

5.5. Prediction of population coverage {#sec0125}
--------------------------------------

Identified optimum MHC-I binders for each epitopes were considered for the population coverage analysis of the epitopes. Population coverage calculates the percentage of people living in a specific region to be potentially responsive to the query epitopes. IEDB\'s population coverage analysis tool revealed highest 84.94% population coverage of the 5 epitopes in Papua New Guinea. The epitopes showed 72.87% coverage in West Africa along with 69.71% and 71.83% coverage in East Africa and Central Africa respectively. Among newer Chikungunya affected regions Italy and North America the epitopes showed 79.83% and 77.05% population coverage respectively. 82.44% cumulative population coverage for Philippines and 69.50% cumulative population coverage for South Asian region are also achieved. The results are shown in [Fig. 3](#fig3){ref-type="fig"} .Fig. 3Population coverage, based on MHC-I restriction data. Different CHIKV-affected regions were selected for evaluation of the population coverage of the proposed epitopes. *Notes*: In the graphs, the line (-o-) represents the cumulative percentage of population coverage of the epitopes; the bars represent the population coverage for each epitope. *Abbreviations*: CHIKV, Chikungunya Virus; HLA, human leukocyte antigen; MHC-I, major histocompatibility complex class I; PC90, 90% population coverage.

5.6. Allergenicity assessment {#sec0130}
-----------------------------

The query sequence does not meet the criteria set by the FAO/WHO evaluation scheme for cross-reactive allergen prediction. Hence, the query sequence is classified as a non-allergen by the FAO/WHO evaluation scheme. AllerHunter predicted the query sequence as a non-allergen with score of 0.04 (SE = 95.2%, SP = 59.7%).

5.7. Selection of T cell epitope {#sec0135}
--------------------------------

Among the five primarily selected epitopes, the epitope 'YYYELYPTM' was found more suitable as a vaccine candidate than other epitopes by considering its overall epitope conservancy, population coverage and by the affinity for highest number of HLA molecules.

5.8. Docking simulation study {#sec0140}
-----------------------------

AutoDock Vina predicted the binding models for the epitope YYYELYPTM with HLA molecules. HLA molecules are stored in protein Data Bank as crystal structures are generally complexed with other peptides or epitopes which were gained experimentally by various research works. So, here at first we retrieved HLA-B\*3501 complexed with influenza NP418 epitope crystal structure. Then influenza NP418 epitope was removed from HLA molecule. After that, all the docking simulations were done with this epitope removed HLA molecule. The binding energy of predicted epitope with HLA-B\*3501 receptor was found to be −7.1 kcal/mol. This binding energy was compared with the binding energy of influenza NP418 epitope to HLA B\*3501 was −7.6 kcal/mol. The 3D structures shown in [Fig. 4](#fig0020){ref-type="fig"} of HLA and epitope are visualized and captured with Pymol molecular graphics system.Fig. 4Docking simulation study generated by Autodock Vina. (A) Structure of our predicted epitope, "YYYELYPTM" and (B) visualization of docking results of "YYYELYPTM" with HLAB\*3501.

5.9. B-cell epitope prediction {#sec0145}
------------------------------

Potential B cell epitopes have several characteristics which are necessary for successful recognition by B cells. These features include hydrophilicity, surface accessibility and beta turn prediction. The query protein was scanned to identify B cell epitopes by several web based tools available in IEDB.

Kolaskar and Tongaonkar antigenicity prediction tool assessed the protein for B cell epitopes analyzing the physico-chemical properties of the amino acids and their abundance in known B cell epitopes. The tool subsequently came up with a result shown in [Table 4](#tbl0020){ref-type="table"} and [Fig. 5](#fig0025){ref-type="fig"} predicting an average antigenic propensity value of 1.032 for the protein with the maximum value of 1.284 and minimum of 0.860. The tool was primed with the threshold value of 1.00 to search for antigenically potent regions and the region from 397 to 406 a 9 mer epitope showed preferred B cell epitope characteristics.Table 4Kolaskar and Tongaonkar antigenicity analysis.No.StartEndPeptidePeptide length1823VYKATRPYLAHCPDCG1622535GHSCHSPVALE1134755KIQVSLQIG948694RTSLPCKIT9599105HFILARY76110116TLTVGFT77120137KISLCNKPVHHDPPVIGR188147159GKELPCSTYVQST139166171IEVHMP610184194SGNVKITVNGQ1111196203VRYKCNCG812216230INNCKVDQCHAAVTN1513237244NSPLVPRN814253268KIHIPFPLANVTCRVP1615282296VIMLLYPDHPTLLSY1516313327KKEVVLTVPTEGLEV1517349362GHPHEIILYYYELY1418364384TMTVVVVSVATFILLSMVGIA2119392399RRRCITPY8Fig. 5Kolashkar and Tongaonkar antigenicity prediction of the most antigenic protein, T2ASQ1. *Notes*: The *x*-axis and *y*-axis represent the sequence position and antigenic propensity, respectively. The threshold value is 1.0. The regions above the threshold are antigenic, shown in yellow. (For interpretation of the color information in this figure legend, the reader is referred to the web version of the article.)

Surface accessibility of B cell epitopes is required because hydrophilic regions are generally exposed on the surface and likely to evoke B cell immune response. The Emini surface accessibility prediction and Parker hydrophilicity prediction tools were utilized. The analyses are shown in [Table 5](#tbl0025){ref-type="table"} along with graphical rendition from both the tools in [Fig. 6](#fig0030){ref-type="fig"}, [Fig. 7](#fig0035){ref-type="fig"} respectively.Table 5Emini surface accessibility analysis.No.StartEndPeptidePeptide length1915YKATRPY723642RIRNEAT735774KTDDRHDWTKLRYMDNHM184104109RYQKGE65138148EKFHSRPQHGK116171179PPDTPDRTL97230237NHKKWQYN88268274PKARNPT79296307YRNMGEEPNYQE1210330338GNNEPYKYW911398403PYEQKP6Fig. 6Emini surface accessibility prediction of the most antigenic protein, T2ASQ1. *Notes*: The *x*-axis and *y*-axis represent the sequence position and surface probability, respectively. The threshold value is 1.000. The regions above the threshold are antigenic, shown in yellow. (For interpretation of the color information in this figure legend, the reader is referred to the web version of the article.)Fig. 7Parker hydrophilicity prediction of the most antigenic protein, T2ASQ1. *Notes*: The *x*-axis and *y*-axis represent the position and score, respectively. The threshold is 1.673. The regions having beta turns in the protein are shown in yellow color, above the threshold value. (For interpretation of the color information in this figure legend, the reader is referred to the web version of the article.)

The beta turns in a protein are generally surface accessible and hydrophilic in nature. Chou and Fasman Beta turn prediction ([Fig. 8](#fig0040){ref-type="fig"} ) was done for the protein to locate the beta turn regions in the query protein as beta turns have a significant effect in inducing antigenicity. Produced results identified a region from 394 to 406 with constant predicted B turn region.Fig. 8Chou and Fasman beta-turn prediction of the most antigenic protein, T2ASQ1. *Notes*: The *x*-axis and *y*-axis represent the position and score, respectively. The threshold is 1.001. The regions having beta turns in the protein are shown in yellow color, above the threshold value. (For interpretation of the color information in this figure legend, the reader is referred to the web version of the article.)

Experimental data showed that the region of a peptide that interacts with the antibody tends to be flexible. Karplus Schulz flexibility prediction tool identified the flexible regions on the query protein. The region from 397 to 405 is considerably the most favorable region in the flexibility prediction analysis. Results are shown in [Fig. 9](#fig0045){ref-type="fig"} .Fig. 9Karplus and Schulz flexibility prediction of the most antigenic protein, T2ASQ1. *Notes*: The *x*-axis and *y*-axis represent the position and score, respectively. The threshold is 1.0. The flexible regions of the protein are shown in yellow color, above the threshold value. (For interpretation of the color information in this figure legend, the reader is referred to the web version of the article.)

Bepipred is a machine learning process based on Hidden-Markov model, a tool to determine Linear B cell epitopes. This tool was utilized to eliminate the fact that single scale amino acid propensity profile cannot reliably predict antigenic epitopes every time and to obtain a better result from the epitope prediction tools than the receiver operating characteristics (ROC) plot. The Bepipred predicted epitopes on the protein are shown in [Table 6](#tbl0030){ref-type="table"} and [Fig. 10](#fig0050){ref-type="fig"} .Table 6Bepipred linear epitope prediction.No.StartEndPeptidePeptide length116STKDNF622029PDCGEGHSCH1033945NEATDGT745763KTDDRHD757379HMPTNAK76107110KGET47116116T18127136PVHHDPPVIG109140151FHSRPQHGKELP1210155186YVQSTAATTEEIEVHMPPDTPDRTLMSQQSGN3211202211CGGSNEGQTI1012233253KWQYNSPLVPRNAELGDRKGK2113268278PKARNPTVTYG1114298307NMGEEPNYQE1015322350TEGLEVTWGNNEPYKYWPQLSTNGTAHGH2916397406TPYEQKPGAT10Fig. 10Bepipred linear epitope prediction of the most antigenic protein, T2ASQ1. *Notes*: The *x*-axis and *y*-axis represent the position and score, respectively. The threshold is 0.35. The regions having beta turns are shown in yellow. The highest peak region indicates the most potent B-cell epitope. (For interpretation of the color information in this figure legend, the reader is referred to the web version of the article.)

After cross processing all the data derived from the previous B cell epitope prediction tools, the region from 397 to 405 amino acids is found to be the best capable region for inducing B cell response.

5.10. Model building and refinement {#sec0150}
-----------------------------------

A three dimensional structure of the Chikungunya envelope protein E2 was predicted using the Phyre2 server. The tertiary structure of a protein depicts its molecular basis of function and interaction. As homology modeling tools often generate models with some local distortion, the MODELLER generated model was refined with ModRefiner to obtain a more stereo-chemically accurate model. Refined model showed that most of the residues of the protein (\>90%) is in the most favored region. The refined model was used to carry out subsequent analysis. A Swiss-PDB generated view of the 3D model is displayed in [Fig. 11](#fig0055){ref-type="fig"} .Fig. 11Swiss-PDB generated image of the Chikungunya virus envelope protein 2.

5.11. Model verification and validation {#sec0155}
---------------------------------------

The predicted model in the current study was verified to measure its accuracy comparing it with high resolution models with a several structure validation tools. PROCHECK performed an overall analysis of the model and delivered the Ramachandran plot shown in [Fig. 12](#fig0060){ref-type="fig"} and [Table 7](#tbl0035){ref-type="table"} . ERRAT analysis obtained results are presented in [Fig. 13](#fig0065){ref-type="fig"} . Another verification tool Verify3D that generates an environmental profile graph for a given protein while QMEAN server was used for the verification of protein model.Fig. 12Ramachandran plot analysis of T2ASQ1. Here, red region indicates favored region, yellow region for allowed and light yellow shows generously allowed region and white for disallowed region. Phi and psi angels determine torsion angels. (For interpretation of the color information in this figure legend, the reader is referred to the web version of the article.)Table 7Ramachandran plot of envelope protein 2 from Chikungunya virus.Ramachandran plot statisticsCHIKV E2Residue%Residues in the most favored regions \[A,B,L\]33993.4Residues in the additional allowed regions \[a,b,l,p\]215.8Residues in the generously allowed regions \[a,b,l,p\]30.8Residues in the disallowed regions \[xx\]00.0Number of non-glycine and non-proline residues363100.0Number of end residues (excl. Gly and Pro)2Number of glycine residues27Number of proline residues30Total number of residues422Fig. 13ERRAT generated result of CHIKV E2 where 95% indicates rejection limit.

5.12. Active site prediction {#sec0160}
----------------------------

The active sites of the Chikungunya virus envelope protein 2 is shown in [Fig. 14](#fig0070){ref-type="fig"} derived from CASTp server. The calculated results revealed that amino acid position 13--341 is predicted to be conserved with the active site. The server predicted the best active site with an area of 593.2 and formed with 1063.2 amino acid residues.Fig. 14Active site analysis. (A) Active site information by CASTp. Green color shows the active site position from 13 to 241 with the beta-sheet in between them. (B) The table shows the area and the volume for different active sites of Chikungunya virus E2 and the best active site remains in an area of 593.2 and a volume of 1063.2 amino acid. (C) The 3D structure of best active site. (For interpretation of the color information in this figure legend, the reader is referred to the web version of the article.)

5.13. Protein--ligand docking {#sec0165}
-----------------------------

AutoDock Vina delivered results with complete docking records. The log file is in [Table 8](#tbl0040){ref-type="table"} . Calculation of the root mean square deviation (RMSD) between co-ordinates of the atoms and formation of clusters based on RMSD values computed the resemblance of the docked structures. The most favorable docking is considered to be the conformation with the lowest binding energy. From the attained results binding energy for N-Acetyl-[d]{.smallcaps}-Glucosamine \[NAG\] was −4.8 kcal/mol, for Alpha-[d]{.smallcaps}-Manose \[MAN\] −5.9 kcal/mol, for Selenomethionine \[MSE\] −3.0 kcal/mol, for 2-(Acetyleamino)-2-Deoxy-A-[d]{.smallcaps}-Glucopyranose \[NDG\] −4.8 kcal/mol. The PyMol generated figures for the binding complexes are in [Fig. 15](#fig0075){ref-type="fig"} .Table 8Ligands information for docking study and protein--ligand interaction.LigandsIdentifiersFormulaMolecular weightBinding energy (kcal/mol)Chemical structureN-Acetyl-[d]{.smallcaps}-Glucosamine \[NAG\]2-(Acetylamino)-2-deoxy-beta-[d]{.smallcaps}-glucopyranose\
N-\[(2R,3R,4R,5S,6R)-6-(hydroxymethyl)-2,4,5-tris(oxidanyl)oxan-3-yl\]ethanamideC~8~H~15~NO~6~221.21 g/mol−4.8![](fx1.gif)  Alpha-[d]{.smallcaps}-Mannose \[MAN\]Alpha-[d]{.smallcaps}-mannopyranose\
(2S,3S,4S,5S,6R)-6-(hydroxymethyl)oxane-2,3,4,5-tetrolC~6~H~12~O~6~180.16 g/mol−5.9![](fx2.gif)  Selenomethionine \[MSE\](2S)-2-Amino-4-(methylselanyl)butanoic acid\
(2S)-2-amino-4-methylselanyl-butanoic acidC~5~H~11~NO~2~Se196.11 g/mol−3.0![](fx3.gif)  2-(Acetylamino)-2-Deoxy-A-[d]{.smallcaps}-Glucopyranose \[NDG\]2-(Acetylamino)-2-deoxy-alpha-[d]{.smallcaps}-glucopyranose\
N-\[(2S,3R,4R,5S,6R)-2,4,5-trihydroxy-6-(hydroxymethyl)oxan-3-yl\]ethanamideC~8~H~15~NO~6~221.21 g/mol−4.8![](fx4.gif)Fig. 15Overall binding between CHIKV E2 and (A) NAG; (B) MAN; (C) MSE; (D) NDG.

5.14. Pharmacophore analysis {#sec0170}
----------------------------

The results from OSIRIS property explorer, ACToR and admetSAR have been tabulated to analyze its drug likeness, drug score, and turmeric, mutagenic and structural polarity ([Table 9](#tbl0045){ref-type="table"} ) which is quite satisfactory for the adequacy as a possible drug candidate.Table 9Pharmacophore properties of selected ligand.LigandPharmacophoreEvaluation/scoreAlpha-[d]{.smallcaps}-mannose \[MAN\]Drug likeness−3.78Drug score0.5BioaccumulativeNoMeets human health criteria (hazard)NoSolubility0.25The polar surface area110.3PersistentNoSubstance categoryOrganicInherently toxicNoTumericNo indicationIrritantNo indicationMutagenicNo indicationReproductive effectNo indication

6. Discussion {#sec0175}
=============

Diseases are global scale burden. As newer viruses are affecting humans more frequently than ever, vaccine development within a short time to keep up with the rising viral attacks has become crucial ([@bib0415], [@bib0420], [@bib0425]).

In recent years next generation sequencing and advanced genomics and proteomic technologies brought about a significant change in computational immunology. With the abundance of data available like never before, newer immunoinformatics tools are being developed that are being used to get a head start in developing vaccines with a better understanding of immune response of human body against a multitude of organisms ([@bib0430], [@bib0435]). In a very contrasting scenario a very little has been done in case of Chikungunya virus. RNA viruses (*e.g.* Chikungunya virus) are more likely to mutate than other DNA viruses. Such a mutation in the envelope protein of the CHIKV virus brought it to the developed part of the world where despite of its benign nature it is long lasting debilitating symptoms caused serious concerns owing to socio-economic effects ([@bib0440]). As a result, recently a surge of activity principally concentrated on developing vaccine for Chikungunya virus has started but yet with no outcome.

In the present study we tried to identify major immunogenic epitopes on Chikungunya viral proteins using immune informatics tools and predict a vaccine along with novel inhibitors of Chikungunya virus envelope protein E2.

Traditional vaccination approaches are based on complete pathogen either live attenuated or inactivated. Among the major problems these vaccines brought are crucial safety concerns, because those pathogens being used for immunization may become activated and cause infection. Moreover due to genetic variation of pathogen strains around the world vaccines are likely to lose their efficacy in different regions or for a specific population. But novel vaccine approaches like DNA vaccines and epitope based vaccines have the potential to overcome these barriers for these vaccines can create more effective, specific, strong and long lasting immune response with minimal structure and devoid of all the undesired effects ([@bib0445]). On top of that neutralizing peptide based vaccine design has been successfully suggested by using *in silico* approach against rhinovirus ([@bib0450]) dengue virus ([@bib0455]), Human coronaviruses ([@bib0460]), Hepatitis C virus ([@bib0465]), Saint Louis encephalitis virus ([@bib0470]). Such studies regarding those viruses established immunoinformatics study.

Meanwhile, though most of the epitope based vaccines trigger the B-cell epitopes, T cell epitope based vaccines designs are inspired owing to a stronger CD8+ T-cell mediated immune response of the host cell to the infected T cells ([@bib0475]). Moreover, antigenic drifts might render humoral immunity and antigenic memory response non-effective and the pathogens pass through. T cell based vaccines are free of this limitation and along with a strong B cell epitope, a multi epitope vaccine is a good prospect which can trigger both cell mediated and humoral immune response ([@bib0480]).

A T cell epitope is considered strong and potent if it is well conserved among the sequenced CHIKV E2 proteins in the database. The predicted T-cell epitope of the current study YYYELYPTM is calculated to be 69.49% conserved. It is the most conserved epitope among the 5 most potential epitopes selected from NetCTL T-cell epitope analysis. In epitope based vaccine development a highly conserved epitope is expected to deliver a broader protection across different strains. Moreover, as RNA viruses like CHIKV are more likely to mutate due to a lack of proof reading activity of RNA polymerase, a vaccine candidate epitope must come from the portion of the protein showing much conservancy that will ensure an effective long lasting immunization ([@bib0480]).

To endorse the selected epitope YYYELYPTM, the result from MHC-I and epitope interaction tool suggested that this epitope interacts with the highest number of HLA alleles. It was found that YYYELYPTM interacts with 19 HLA-A, HLA-B and HLA-C alleles in total. Analyzing similar data from other study showed this specific high affinity binding is absolutely desired because the efficiency of an epitope vaccine greatly relies on the precise interaction between epitope and HLA alleles ([@bib0455]). This specific high affinity binding is absolutely desired because the efficiency of an epitope vaccine greatly relies on the precise interaction between epitope and HLA alleles. Those HLA alleles, for which YYYELYPTM showed affinity, were searched for population coverage. The search was primarily concentrated on the CHIKV endemic regions. Highest population coverage was recorded in Papua New Guinea; one of the recent CHIKV affected regions, which is of more interest because outbreak in Papua New Guinea was identified, caused by a mutated CHIKV. 69.71--72.87% coverage was recorded in different regions of endemic Africa. A significant percentage of coverage is attained in the most recent CHIKV outbreak regions Italy and North America. In addition to that the epitope is declared as non-allergen, an unquestionable feature a vaccine must have. These results implicate that the vaccine would be effective for a huge population throughout a wide geographical region.

The epitope was docked and compared with a control to measure its docking efficacy with a specific HLA allele HLA-B\*3501. The results are concluding that this epitope can bind as efficiently as the control considered in the study. This computational analysis confirms the epitopes affinity for the MHC-I molecules and upholds its position as a novel vaccine candidate.

Chikungunya virus envelope protein (E2) was also searched for B cell epitopes as B cell epitopes can induce both primary and secondary immunity. Several tools from IEDB database generated results analyzing the protein based on the key characteristics of B cell epitopes. We cross referenced all the data and the region from 397 to 405 found to be predicted as potent B cell epitope by Bepipred tool. The region is composed of beta turns and flexible. The region is surface accessible and hydrophilic comparatively than other regions and proved to be antigenic. The 9-mer epitope TPYEQKPGA is the most favorable as B cell epitope as per predicted results.

As the chronic stage of the CHIKV infection can last for months to years along with severe polyarthralgia its debilitating effects call for a therapeutic agent that can minimize or completely eliminate the chronic symptoms. Moreover, for complete safeguard against CHIKV infection a universal drug is compulsory. If the effectiveness of the vaccine is reduced due to mutation in the virus the drug may work alongside to diminish the symptoms faster. In another scenario, in case of any sudden Chikungunya outbreak in a non-vaccinated area vaccination would become obsolete. Only post-therapeutic measure or drug would be effective until vaccine kicks in. In the present study along with pre therapy vaccine development we also predicted the active sites on the highest antigenic protein of the Chikungunya virus and subsequently predicted the novel inhibitors of the protein ([@bib0485]).

As suggested by VaxiJen analysis the envelope protein 2 of CHIKV appeared to be the eligible drug target. A valuable insight was achieved from the primary and secondary analysis of the protein from ProtParam and SOPMA tools. The protein is found to be stable *in vitro* with below 40 instability index negative GRAVY and, higher aliphatic index. The abundance coiled region in SOPMA generated results implicated the higher conservancy and stability of the protein ([@bib0225], [@bib0490], [@bib0495]).

The three dimensional structure generated by Phyre2 server was acceptable. But homology modeling algorithms often generate models that lack desired quality because of significant local distortions, including steric clashes, unphysical phi/psi angles and irregular hydrogen bonding networks which restrict its use for high resolution functional analysis. Structure refinement overcomes this problem to some extent ([@bib0350]). Our predicted model was refined with the help of ModRefiner and the resultant structure had 93.4% of its residues laid out in the most favorable core region and 5.8% in additional allowed region with only 0.8% of the residues in generously allowed regions. These parameters are confirmation of a good quality model.

Our predicted structure scored significantly well in structure validation analysis. Verify 3D matches a 3D structure profile with its amino acid sequence. Generally quality structures score higher in this analysis. This result ranges from −1 (bad) to +1 (good) so 0.73 for our predicted protein speaks of its good environmental profile ([@bib0170]). ERRAT generated results showed 75.676 quality factors for the protein model, this value is below the 95% rejection limit ([@bib0500]).

The geometrical aspect of the model was computed by QMEAN scoring function with a composite function of six different structural descriptors. To estimate the absolute quality of the model the query model is compared to high resolution X-ray structures of same size by QMEAN server which reflects the structure\'s "degree of nativeness". But membrane proteins expectantly get lower *Z*-score owing to their physico-chemical properties than other soluble proteins. As a result a modest score was received from the QMEAN server analysis for the predicted protein model ([@bib0380], [@bib0515], [@bib0520], [@bib0505], [@bib0510], [@bib0530]).

CASTp server generated docking reports of active sites on CHIKV E2. AutoDockVina reported the most favorable bindings of the CHIKV E2 with N-Acetyl-[d]{.smallcaps}-Glucosamine \[NAG\], Alpha-[d]{.smallcaps}-Mannose \[MAN\], Selenomethionine \[MSE\], 2-(Acetylamino)-2-Deoxy-A-[d]{.smallcaps}-Glucopyranose \[NDG\]. Among them Alpha-[d]{.smallcaps}-Mannose \[MAN\] forms the cluster with E2 in the lowest possible binding energy conformation.

The results from OSIRIS property explorer, ACToR and admetSAR have been tabulated to analyze its drug likeness, drug score, turmeric, mutagenic and structural polarity which are quite satisfactory for the adequacy as a possible drug candidate. MAN may act as a potent safe drug candidate against CHKV as there have no probable tumorigenic as well as irritant tendency.

From the current study we have suggested a potent T cell epitope along with a B cell epitope which can effectively be used for the development of multi peptide vaccine to induce a complete immune response against Chikungunya virus. In addition to that Alpha-[d]{.smallcaps}-Mannose \[MAN\] is found to be the most effective inhibitor of the CHIKV envelope protein 2. Although this study emphasizes on the algorithms available, it is important to verify all the criteria *in vitro* to assess the immunogenicity and recognize the epitopes of a protein. Both *in vivo* and *in vitro* analysis are required along with this *in silico* study and to determine the binding affinity binding chip assay may be useful.

7. Conclusion {#sec0180}
=============

As the present study to identify epitope binding HLA alleles was based on computational tools, there may be more HLA alleles that can recognize the epitopes or may be the predicted epitope might not show the same affinity as predicted computationally in the experimental settings. CHIKV envelope protein 2 is distinctively associated with viral maturation, multiplication and infection. It establishes CHIKV E2 as an interesting drug target site. But, to validate the findings of the current study extensive laboratory based techniques are required. Nonetheless these finding will serve the purpose of the ground data for such kind of study in future.
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